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Abstract 
Computer trainer-simulator (CTS) has been developed in order to solve the tasks of training future specialists, increasing and 
continuously supporting the development of the knowledge and skills level of fluorine production operating personnel on 
technological process control (TPC) during routine and emergency situations. The key element of CTS is a training production 
model (TPM). The model consists of interconnected modules of imitation of technological processes and a control system based 
on a mathematical simulation method. The imitation module of technological processes includes fluorine production 
electrolizers, cooling systems, hydrogen fluoride supply, and electrolizers series power-supply models. 
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1. Main text  
Computer trainer-simulator (CTS) has been developed in order to solve the tasks of training future specialists, 
increasing and continuously supporting the development of the knowledge and skills level of fluorine production 
operating personnel on technological process control (TPC) during routine and emergency situations1. The key 
element of CTS is a training production model (TPM). The model consists of interconnected modules of imitation of 
technological processes and a control system based on a mathematical simulation method. The imitation module of 
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technological processes includes fluorine production electrolizers, cooling systems, hydrogen fluoride supply, and 
electrolizers series power-supply models. The module of a control system imitation includes measuring channels, 
control algorisms, executive devices, and control units models2. The article is devoted to the development of a 
mathematical model of the power supply system of the fluorine production process electrolizers series. 
The power supply system (PSS) considered in the article is an electric circuit containing a series of electrolyzers 
connected in consequence. Switching-on and off separate electrolyzers is performed by the operated distantly bypass 
arrangement. The electrolyzers are placed on electric insulators, all pipelines are assembled disconnecting switches 
made from the non-conducting material. However, electric insulation breakage during the operation of the 
electrolyzers leading to appearance of leakage currents has been noticed. These leakage currents cause decrease of 
the current via electrolyzers and the fluorine yield by the current. Also, they contribute to the corrosion increase of 
devices, pipelines, and underground pipelines. When leakage currents appear, the decrease of potential to the ground 
on one of the electrolyzers series poles is observed. Therefore, to control electrolyzers insulation condition, 
potentials of the electrolyzers cathodes in relation to the ground are measured in all series. According to the diagram 
of cathode-ground voltage distribution, an operator can make a conclusion about the presence of a leakage and take 
measures to remove the fault. 
According to the requirements to the developed computer trainer-simulator 1,2 and principles of PSS operation, 
the requirements to the system model are created. The model should:  
– perform calculation of the currents and cathode-ground voltages for each electrolyzer depending on 
the load current, resistance of electrolyzers, and their insulation, if possible taking into account 
electrolyzers bypassing;  
– provide imitation of the voltage “tilt”; 
– contain instruments for the emergency situations initiation in the system operation which are 
essential for developing training scenarios;  
– operate in real-time, accelerated, and slow-time scale which is conditioned by the requirements to 
training with the use of the developed trainer-simulator. 
In accordance with the requirements to the model, the information structure of the technological process (TP) of 
the electrolyzers series power supply system (PSS) is developed and presented in Fig. 1. 
 
 
Fig. 1. Information structure of TP of PSS 
According to the information structure of TP of PSS, emf of the rectifier unit calculated equivalent (E0), V; 
electric resistances of electrolyzers series (RE1, RE2, … , REN), Ohm; position of automatic breakers of electrolyzers 
bypassing (Dsh1, Dsh2, … , DshN) are chosen as the input variables of the PSS model; currents via electrolyzers (IE1, 
IE2, … , IEN), А, and cathode-ground voltages (UZ1, UZ2, … , UZN), V, are the output variables. Parameters 
determining conditions for TP of PSS are the electrolyzers insulation resistance (Ry1, Ry2, … , RyN), Ohm, and the 
signs of faults (Ke1, Ke2, … , KeN), intended for imitation of electrolyzers electric insulation breakage, here N – the 
number of electrolyzers in series.  
The results of literary sources analysis have shown that there was no development connected with the 
mathematical simulation of PSS of electrolytic fluorine production. The discovered mathematical models of the PSS 
of aluminum production electrolyzers series 3,4 which electric scheme is close to the considered PSS have been 
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developed for the purpose of analyzing the condition of the electrolyzers series electric insulation. However, 
mathematical description of such models did not take into account possible bypassing of electrolyzers and 
instruments for the abnormal situations initiation and therefore has not been included. Thus, the task to develop a 
new mathematical model of the PSS of fluorine production electrolyzers series has been set.  
Mathematical description of the PSS has been developed using the method of DC electric circuits calculation. 
The calculation scheme presented in Fig. 2 has been developed according to the electric scheme of the PSS. 
 
 
Fig. 2. The equivalent scheme of electrolyzers series PSS electric scheme R0 – internal resistance of the rectifier unit calculated equivalent, Ohm; 
φi – potential of the i-electrolyzer in relation to the ground, V; Iyi – leakage current flowing in the insulation of the i- electrolyzer, A.  
It can be seen from Fig. 2 that the cathode-ground voltage for each i th electrolyzer is numerically equal to the 
potential of this electrolyzer in relation to the ground:  
 1 1 N Nz ; ...; z ; ...; zi iU U U M  M  M  (1) 
To calculate the potentials φi the method based on the first Kirchhoff’s law and Ohm’s law is used. 
For each i th junction unit of the calculation model the relations for Kirchhoff’s first law taking into account 
possible electrolyzers bypassing are:  
For the first junction unit: 
 1 2 1y 0I I I    (2) 
for the i th junction unit, 1 < i < N: 
 1y 0i i iI I I     (3) 
for N- th junction unit: 
 N N 1y 0I I I    (4) 
Currents in the loops can be determined by the following relations:  
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Substituting the relations (5) in to (2)–(4) and combining similar relations, we get the system of equations for 
calculation of the values of electrolyzers potentials relative to the ground:  
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To provide the possibility to imitate the electrolyzers electrical insulation, the breakage decreasing coefficients 
RE1, RE2, … , REN are inserted into the expressions for insulation system conductivity (6). Characteristic values can 
change within the interval (0, 1]. The value 1 corresponds to normal insulation operation; all other values 
correspond to improper operation.  
During electrolyzers bypassing the shunt resistances in the calculation model are taken to be equal to zero.  In 
this case electrolyzers conductivity should point at zero. Multipliers corresponding to the position of electrolyzers 
bypassing automatic breakers (Dsh1, Dsh2, … , DshN), which are equal to zero in case of electrolyzers bypassing and 
equal to 1 in the opposite case, have been added into the expression for conductivity of the system electrolyzers (6).     
In this case the potential of the i th shunted electrolyzer, except for the first (i = 1), becomes equal to the potential 
of the left closest non-shunted electrolyzer according to the admitted calculation model:  
 2 1 1 N N-1; ...; ; ...; .i iM  M M  M M  M  (7) 
In case of electrolyzers bypassing to keep the correctness of the calculation procedure, it is necessary to make 
some transformations in (6): according to (7) we remove unnecessary equations and recalculate the potentials 
coefficients of the shunted electrolyzers.  
Therefore, solving (6) taking into account (7) and (1), we get the values for cathode-ground voltages for each i th 
electrolyzer.  
Using the results of the solution for system (6) and expression (5), we get the expressions for calculation of 
currents via electrolyzers: 
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The necessary values RE1, RE2, … , REN, Dsh1, Dsh2, … , DshN, E0, R0 are calculated in blocks of electrolyzers 
technological processes models (TPM), executive devices, and control units.  The characteristic values of the faults 
are set from the instructor panel. Resistances of electrolyzers insulation (Ry1, Ry2, … , RyN) are considered to be 
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equal to the design values. The calculated values UZ1, UZ2, … , UZN и IE1, IE2, … , IEN are then sent to the model of 
measuring channels and TPM of the electrolyzers. On the basis of the above expressions, the scheme for PSS model 
calculation is developed and presented in Fig. 3. 
 
 
Fig. 3. Calculation scheme of the PSS mathematical model in the training production model 
The evaluation of the developed model of the power supply normal operation has been carried out by comparing 
the experimental data obtained at the enterprise with the results of the calculation experiments on the model. 
Industrial data were obtained as a result of a passive experiment on electrolyzers series including 72 devices at 
normal operation. To perform calculation experiments, the program has been developed in Matlab5. Calculation 
experiments have been carried out according to the scheme presented in Fig. 4. 
Using the values of the series load current (I0) and voltages on electrolyzers taken from the production data 
library, electrolyzers resistances have been evaluated. Then they have been sent to the input of the PSS model 
together with the archived values of the emf rectifier device and signals of the electrolyzers bypassing the automatic 
switches position to perform the necessary calculation. The values of the faults signs have been preliminary chosen 
to provide model imitation of the voltage tilt which is at its highest point close to the observed production data. 
The adequacy has been evaluated by comparing model and production distribution of the cathode-ground 
voltages in electrolyzers series, obtained at five current load values involving production operating modes. 
Root-mean-square deviation of the model distribution from the experimental has been used as the evaluation 
criterion. 
The values of the adequacy evaluation criteria are presented in table 1. 
In Fig. 5 the diagrams of comparison of the model and production values of the cathode-ground voltages 
averaged within the limits of each j-th experiment. 
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Fig. 4. Scheme for calculation experiments on the PSS model 
Table 1. Values of the adequacy evaluation criteria of the PSS model in the normal operation mode  
I0, kA 17.0 15,2 13,1 10,8 6,5 
Dj, % 0.22 1,0 0,7 0,23 0,33 
σ, % 1.29 
 
 
Fig. 5. Diagrams of comparison of the model and production values of cathode-ground voltages at the different load current of the series at q 
normal operation of the PSS. 
The obtained value of the weighed root-mean-square deviation of the model distribution of the cathode-ground 
voltages from experimental one is within the limits of the voltages measurement error which allows making a 
conclusion that the imitation of the PSS normal operation by the developed model is sufficient.  
It is troublesome to test the adequacy of the model in an abnormal PSS operation, as the true reasons and the 
power of influence causing an abnormal operation is unknown, as well as the number of measured variables is 
limited. As it has been mentioned in 6, the model adequacy for the computer trainer-simulator is evaluated at the 
qualitative level. Thus, the model workability in an abnormal operation has been evaluated by the visual comparison 
of calculation experiment results with the production data. 
Fig. 6 shows the of cathode-ground voltages diagram calculated according to the model at the imitation of the 
electric insulation breakage on device 9 which leads to appearance of the voltage tilt of 305V (increasing the upper 
regulatory limit) at the series of load current of 17 kA. The diagram of cathode-ground voltages at the same load 
current with the voltage tilt of 295V obtained from the production data library is presented for comparison. 
production data
library
I0pr
UprE1...
UprEN
Uprz1 UprzN
evaluation of
electrolyzers
resistances
PSS model
E0pr
RprE1...
RprEN
Dsh pr1 D
sh pr
N...
Ke1
...
KeN
adequacy evaluation criterion calculation
...
Umodz1
UmodzN
...
Dj
V
 O.V. Egorova et al. /  Procedia Chemistry  11 ( 2014 )  139 – 146 145
 
Fig. 6. The result of the PSS abnormal operation simulation 
Fig. 7 shows the diagrams of cathode-ground voltages built according to the model data at the imitation of the 
electric insulation breakage on device 46 which leads to the voltage tilt of 72 V (close to the bottom limit) at the 
load current of 13 kA; and on the production data, the load current being the same, the voltage tilt is 72 V. 
 
 
Fig. 7. Result of the PSS abnormal operation simulation 
According to the diagrams presented in Fig. 6 and 7, it can be seen that the model simulates the general tendency 
of the cathode-ground voltage distribution change in electrolyzers series which is observed in the production data is 
the case of critical leakage currents. The existence of significant differences between the model and production data 
for certain devices can be conditioned by the fact that the model does not consider various non-registered 
perturbations influencing separate electrolyzers and PSS during the production process, as well as the failure of 
variables measurement schemes.  
Thus, the developed mathematical model of the electrolyzers series PSS allows calculating the changes in the 
values of cathode-ground voltages and currents flowing via the elctrolyzers in statics. Mathematical description of 
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the model contains special variables Dsh1, Dsh2, … , DshN and RE1, RE2, … , REN which provide the possibility to 
imitate switching separate electrolyzers on and off and changing the resistance of their electric insulation. The 
results of the performed calculation experiments have shown significant imitation of different operation modes of 
the simulated PSS which makes it possible to conclude that it can be used in a computer simulator for training 
fluorine production process operating personnel.  
The work has been performed at National Research Tomsk Polytechnic University. 
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